Abstract
Introduction
Concrete is a wonder construction material which has changed the way construction is being carried out during the last century. Having the capability to be formed into any shape and size, it has transformed itself, leading to the development of many appealing structures. From a simple material easily formed by just adding coarse aggregates, sand, cement and water in desired proportions, it caught the fascination of researchers many decades ago. By playing around with its basic ingredients, researchers have been able to develop concretes, which not only have high compressive strength, but are durable as well. The results of compressive strengths vary, not only for different concrete mixtures, but for the same mixture as well, which could be attributed to various factors (ACI: 214R-02) [16] . The variations in measured strength could be attributed to various sources, which include, batch-to-batch variations of the proportions and characteristics of the constituent materials; production, delivery, and handling processes; climatic conditions and variations in the sampling, specimen preparation, curing, and testing procedures (within-test). Statistical procedures provide tools of considerable value when evaluating the results of such strength tests. Information derived from such procedures is also valuable in refining the design criteria and specifications. Statistical methods also have the added attraction that once fitted they can be used to perform predictions quickly and are simpler to implement in software. Apart from its speed, statistical modeling has advantages over other techniques that it is rigorous and can be used to define confidence interval for the prediction. In the construction industry, the compressive strength is the primary criterion for selecting concrete for a particular application. Concrete used for construction gains a significant component of its strength during the initial 3 to 4 week period, but continues to do so even for a longer period of time after pouring. Although the characteristic strength of concrete is defined as the compressive strength of a sample that has been cured for 28 days, however, to hasten the construction at a site we must be able to predict the concrete strength based upon the early strength data. Therefore, rapid and reliable prediction for the strength of concrete would be of great significance, as it would provide a chance to make the necessary adjustments to the mix proportions, wherever necessary, specifically for cases where concrete does not reach the required design strength or by avoiding concrete that is unnecessarily strong leading to more economic use of raw material and fewer construction failures (Kheder et al. [4] ). Prediction of concrete strength, therefore, has been an active area of research and many a study has been carried out. Attempts have been made by many researchers to obtain a suitable mathematical model, which would be capable of predicting the compressive strength of concrete at various ages with acceptable high accuracy (Zain and Suhad, [14] ; Kheder et al. [4] ; Zain et al. [15] ; Tsivilis and Parissakis, [13] ; Zelic et al. [16] ; Akkurt et al. [1] ; Hwang et al. [3] ).
As, for the experimental data obtained in the present study, the data sets on the dependent variable were normally distributed for each of the possible combinations of the level of the X variables, it was deemed suitable to use regression models for prediction of concrete strengths. Bayrak and Akgül [2] predicted the lifetime performance and remaining service life of a bridge system using regression models, so that the best maintenance and repair strategies which kept the system safe can be obtained. Many attempts had earlier been made to obtain a suitable mathematical model that was capable of predicting the strength of concrete at various ages with good accuracy (Popovics, [9] ; Namyong et al. [7] ; Steven et al. [12] ; Mehta and Monteiro, [6] ).
In the present study, a regression model was investigated as a performance prediction model for predicting the concrete compressive strength. Moreover, the effects of the changes of the coefficients of regression model of the performance curve were also examined. For this purpose, multiple regression analysis was carried out for predicting the compressive strength of concrete using four variables, namely, water-cementations ratio, fine aggregatecementitious ratio, coarse aggregate-cementitious ratio and cementitious content. Regression models were developed for concrete with medium and high workability at different curing ages (28, 56 and 91days). For models developed for compressive strength prediction at 56 days and 91 days, the compressive strengths at lower ages were also considered as a parameter.
Experimental Dataset
The compressive strength data for the present work was obtained from the experiments conducted by Kumar [5] . For generating a reliable data bank on concrete compressive strength, he had considered five parameters, namely, water-cementitious material ratio, cementitious content, water content, workability, and curing ages in the experimental program. The casting and testing of specimens for generating the data bank were performed in controlled laboratory conditions. " Table 1 " shows the variations in the values of parameters as taken by Kumar [5] . A set of 15 cubes for each of mixes so proportioned were cast and tested after 28, 56 and 91 days of curing. This extensive data bank, so generated, for analyzing the compressive strength of concrete was used in the present work. The physical properties of the materials used in the study are shown in " [18] . Two types of coarse aggregates, one with size 20mm (CA1) and other of 10mm (CA2) size, were used in varying proportions, depending upon the requirements for a particular mix. The 20mm and 10mm coarse aggregates had specific gravity of 2.61 and 2.63, respectively. As the aim of the present work was to study the effect of varying workability on the compressive strength of concrete, different mix proportions were formulated and used. The details of the mixes using different proportions of water, cement, fine aggregates and coarse aggregates (20mm and 10mm) are shown in " Table 3 " and " Table 4 ". The compressive strength test was performed and evaluated in accordance with IS: 516 [19] , after curing the specimens for 28, 56 and 91 days. " Table 5 " and " Table 6 " show the results of compressive strength at the above ages, for medium and high workability concrete mixes, respectively. 
Modeling of the Data
The most popular regression equation used by researchers for the prediction of compressive strength is the linear regression equation:
where, c is compressive strength of concrete; is water to cementitious material ratio; and a 0 and a 1 are regression coefficients. The origin of this equation is Abram's Law, which states that in concrete materials, for a mixture of workable consistency, the strength of concrete is determined by the ratio of water to cementitious material, Popovics and Ujhelyi [8] . According to this law, increasing the ratio will lead to a decrease in concrete strength. The original formula for Abram is as given by Eq. (2) below:
where, is again compressive strength of concrete; is again water to cementitious material ratio; and A and B are empirical constants. Lyse (Namyong et al. [7] ) developed a formula similar to Abram's but related compressive strength to cementitious material/water ratio instead of water/cementitious material ratio. According to Lyse (Zain et al. [14] ), strength of concrete increases linearly with an increase in the cm/w ratio, and a general form of this popular model was: (3) where, is compressive strength of concrete; is cementitious material to water ratio; and A and B are empirical constants. The models as proposed by Abram and Lyse did not account for the quantities of fine aggregates and coarse aggregates for the prediction of concrete strength. So, for various concrete mixes, where their ratio is constant, the strength will be the same is not true. Thus, it made it imperative to accommodate all the constituent materials into the predicting equation to have more reliable and accurate results for the prediction of concrete strength. For the stated reasons, Abram's Law has been extended by various researchers, to include other variables in the form of multiple linear regression equations and are widely used to predict the compressive strength of various types of concrete. (4) where, is compressive strength of concrete; is water to cementitious material; is fine aggregate to cementitious material ratio; is coarse aggregate to cementitious material ratio; and b 0 , b 1 , and b 2 are the regression coefficients. As per Eq. (4), all variables are related linearly to the compressive strength, but this may not always be true because the variables involved in a concrete mix and affecting the compressive strength are interrelated and the additive action does not always hold true. This highlights the need to look at alternative mathematical models that can reliably predict the compressive strength of concrete with acceptable high accuracy. Thus, a general form of the multiple linear regression as below, is considered:
The Eq. (5a) could be transformed back to a form that predicts the dependent variable (Y) by taking antilogarithm to yield an equation of type (5b):
This equation (Eq. (5b)) is known as the multivariable power equation. In engineering applications, as variables are often dependent on several independent variables, this functional dependency is best characterized by the equation, of the type Eq. (5b), and is said to give results that are more realistic too. The equation had been successfully used to predict the compressive strength of Ordinary Portland Cement Concrete (Kheder et al. [4] ) and also for compressive strength prediction of high performance concrete (Zain et al. [14] ). In this study, the multivariable power equation was used for prediction of compressive strength of concrete, for varying workability, specifically developed under controlled laboratory conditions. For developing the model, in this study, the mean value of compressive strength of concrete at 28, 56 and 91 days of curing were predicted based upon the input in the form of the ratios as specified earlier. For predicting compressive strength at higher ages of 56 and 91 days, the values of compressive strengths at lower ages were also used as an additional input variable. The experimental data generated and as provided in " Table 3 " to " (10), in predicting the strength for higher ages, the strength of concrete at lower ages has also been considered in the model developed.
In the second model (Model-2), a separate set of regression equations of the form as given in Eq. (11) to Eq. (15) were used for the development of the model. In this model, the ratio of cement is considered separately with both types of coarse aggregates. In order to compare the regression equations developed as a part of the study the model as suggested by Namyong et al. [7] Eq. (16) to Eq. (20), was also used, wherein, the ratio of cement to total aggregates (fine and both coarse aggregates) is also considered.
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The three models, as developed above, were used for analysis of experimental data generated by Kumar [5] and the regression coefficients so obtained along with other related statistical parameters have been tabulated separately. The regression coefficients so obtained as per the
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first model Eq. (6) to Eq. (10) for medium and high workability mixes are provided in " Table  7 " and " The regression coefficients so obtained as per the second model Eq. (11) to Eq. (15) for medium and high workability mixes are provided in " Table 9 " and " Table 10 ", respectively. The regression coefficients so obtained as per the model suggested by Namyong et al. [7] (Model 3), Eq. (16) to Eq. (20) for medium and high workability mixes are provided in " Table  11 " and " 
Discussion of Results
From the values of the regression coefficients and COD values, as shown in " Table 7 " to " Table 12 ", for different regression equations as presented in the preceding sections, it was observed that the COD was slightly higher for medium workability mixes as compared to those for high workability mixes at all ages. From " Table 7 ", which shows the regression coefficients for predicting compressive strength of medium workability concrete mixes, and was based upon the presumed Eq. (6) to Eq. (10) (Model-1), it was observed that COD was higher than 0.97 for all ages, indicating the suitability of the derived regression equations. The highest COD of 0.9905 was achieved for 28 days compressive strength, which reduced for -. to 0.9745, but further increased for prediction of 0 to 0.9837. It could also be seen that for 91 days strength the COD was the highest when the strengths of 28 and 56 days were also considered in the development of the regression model, in addition to other parameters. To summarize, it can be said that, the regression equations as presumed under Model-1 were best suited to predict 28 days strength for medium workability mixes and also the 91 days strength could be better predicted using this model if the compressive strength values at 28 and 56 days ages was also known. From " Table 8 ", that contains the regression coefficients, as per Model-1, for predicting the compressive strength of high workability concrete mixes, it was observed that COD was higher than 0.93 for all ages except for 56 days strength, indicating the suitability of the presumed regression equations mainly for 28 and 91days curing only. Again, as per the trend observed for medium workability mixes, the highest COD of 0.9688 was achieved for 28 days compressive strength, which reduced for -. to 0.8892, but further increased for prediction of 0 to 0.9334, although these coefficients were less than those achieved for medium workability mixes. Similarly, it could also be seen that for the prediction of 91 days strength the COD was the highest when the strengths of 28 and 56 days were also considered in the development of the regression model. From " Table 9 ", that contains the regression coefficients, as per Model-2, for predicting compressive strength of medium workability concrete mixes and was based upon the presumed Eq. (11) to Eq. (15), it was observed that COD was higher than 0.96 for all ages. The highest COD of 0.9889 was achieved for the prediction of 91 days compressive strength, which reduced to 0.9795 for -. and 0.9650 for prediction of ) . It could also be seen that for 91 days strength the COD was the highest when compressive strengths of 28 and 56 days were also considered in the development of the regression model. To summarize, it can be concluded that the regression equations as per Model-2 were best suited to predict 91days compressive strength for medium workability mixes and the same could be better predicted using the model if the strength at 28 and 56 days curing was also used as an input parameter. From "Table 10", which encompasses the regression coefficients for predicting the compressive strength of high workability concrete mixes and was based upon the presumed Eq. (11) to Eq. (15), it was observed that COD was higher than 0.95 for all prediction equations, indicating the suitability of the assumed regression equations. On similar lines, as per the trend observed for medium workability mixes, the highest COD of 0.9688 was achieved for 28 days compressive strength, which reduced for -. to 0.9532, but further increased for prediction of 0 to 0.9656, however, these coefficients were less than the ones achieved for medium workability mixes.
To have a comparative analysis the regression analysis of the experimentally generated data was also carried out using the model developed by Namyong et al. [7] . The results are tabulated in " Table 11" and "Table 12 ". From " Table 11 ", which shows the regression coefficients for predicting compressive strength of medium workability concrete mixes and was based upon the Eq. (16) to Eq. (20), it was observed that COD was higher than 0.94 for all ages, indicating the suitability of the assumed regression equations. On further analysis, it was observed that the COD achieved for prediction of ) was the lowest at 0.9421, which increased for -. to 0.9757 and further increased for prediction of 0 (0.9841). It could also be seen from the analysis that for a prediction of 91 days strength the COD was the highest when the strengths of 28 and 56 days were also considered in the development of the regression model in addition to other parameters laid down in the equations. From " Table 12 ", which shows the regression coefficients for predicting the compressive strength of high workability concrete mixes and was based upon the assumed Eq. (16) to Eq. (20), it was observed that COD was higher than 0.94 for all ages. Again, as per the trend observed for other models with medium workability mixes, the highest COD of 0.9654 was achieved for the prediction of 91 days compressive strength, which reduced to 0.9505 for -. , and 0.9492 for ) , although these coefficients were less than the ones achieved for medium workability mixes. Similarly, it could also be seen that for 91 days strength the COD was the highest when the strengths of 28 and 56 days were also considered in the development of the regression model. On comparing the regression analysis results achieved using the Model-1 and Model-2 and model as suggested by Namyong et al. [7] , as per the details provided in " Table 13" and  "Table 14 ", it could be said that in general both Model-1 and Model-2 as suggested by the author provide better CODs for both medium and high workability mixes. For medium workability mixes, Model-1 was found to be the best suited for predicting the 28 days compressive strength, whereas, for predicting 56 and 91 days compressive strength, both Model-1 and Model-2 are equally suitable. It was also observed that 91 and 56 days compressive strength can be best predicted if in addition to other parameters, the strength at the preceding ages was also known. For high workability mixes, Model-1 was again found to be the best suited for predicting the 28 days compressive strength, whereas, for predicting strength at 56 and 91 days, both Model-2 and Namyong et al. [7] model were equally suitable. On similar lines as for medium workability mixes, it was observed that 91 and 56 days compressive strength could be best predicted if in addition to other parameters, the strength at the preceding ages was also known. The variation in the CODs was, however, less for high workability mixes.
Table14. Comparison of results for high workability mixes

Conclusions
The work presented in this paper comprises the development of regression models for predicting the compressive strength of concrete at three stage of its curing. The regression models thus developed can reliably predict the compressive strength of various mixes more efficiently. In general, both Model-1 and Model-2 provide better CODs for medium and high workability mixes. For better prediction of the 91 days compressive strength for both medium and high workability mixes, it is recommended to consider the 28 and 56 days strengths in the regression equations. The regression equation as per Model-1 is the best suited scheme for predicting the 28 days strength for medium workability mixes, whereas, the regression equation as per Model-2 is the best suited scheme for predicting 91 days strength for medium workability mixes where the strengths at 28 and 56 days curing are also included in regression equation. The regression equation as per Model-2 is the best suited method for predicting the compressive strength of high workability mixes at all ages as compared to the other regression models.
Notations
Code Description f c28 Compressive strength of 28 days f c56 Compressive strength of 56 days f c91 Compressive strength of 91days
Compressive strength of 91days, also included data set of compressive strength of 28days
Compressive strength of 91days, also included data set of compressive strength of 56days W Water 
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